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In  se.idir*  of  effect*  of  nliolr-lindy  viliration  in  cm*  wr  have  Jxvn 
unable  to  record  flic  electrocardiogram  tiling  conventional 
inrtlwxN  vi lien  the  animal  i»  viltraicd  with  peak  acceleration  ex¬ 
ceeding  aliottt  ±  4  g.  The  present  study  show*.  Iiowevcr,  that  tltc 
rf-ctrorardiograrn  can  l»c  rrrorded  from  myocardial  electrode* 
during  wholc-liody  viltraiion  with  peak  acceleration  up  to  ±  15  g. 
Satisfactory  electrode*  consist  of  two  no.  30  AWG  enameled 
rofrfter  wire*  sutured  into  the  myocardium  at  one  end  of  each  wire 
wit  It  the  two  free  end*  brought  cut  through  'lie  vascular  system. 
Clinical  quality  electrocardiogram*  were  not  molded  using  this 
■nctltod  in  anesthetized  cats,  hut  tracing*  were  produced  in  which 
tltc  base  line  and  R  waves  are  distinct  throughout  the  period  of 
vibration.  This  paper  dcscriltc*  one  method  for  implanting  the 
electrode*  and  ilhstrnies  the  result*  with  reproductions  of  tracing* 
from  some  of  the  experiments. 

electrocardiogram;  intense  whole-body  vibration;  transvenous 
implanted  myocardial  electrodes;  vibration  artifact*  in  the  electro* 
cardiogram;  vibration  studies  in  water-immersed  animals 


txhcTKucAKninuRAM*  arc  frequently  difficult  lo  record  during  ex¬ 
periment*  concerned  with  effect.*  of  acceleration  in  animals.  Mo¬ 
tion  artifact*  and  shifting  base  lines  in  the  tracing*  are  most 
troublesome  during  rapid  change*  in  acceleration,  e.g.,  during 
impact  on  a  sled  dccclcrntor  or  during  the  period  when  a  centri¬ 
fuge  changes  from  one  acceleration  plateau  to  another.  These 
instances  are  frequently  brief,  well  within  a  cardiac  cycle  for  many 
impacts,  or  within  a  lew  heart  I  teat*  for  the  centrifuge  example.  In 
these  eases  transient  interruptions  in  the  tracing  may  he  relatively 
unimportant.  However,  when  the  accelerative  stress  is  wholc-lxxly 
vibration,  Ijoth  the  direction  and  magnitude  of  the  acceleration 
continually  change,  and,  depending  upon  how  intensely  the  ani¬ 
mal  is  vibrated,  a  useful  ECG  may  be  impossible  to  record  when 
conventional  methods  arc  used. 

Investigations  have  been  performed  in  this  lalwratory  since  1952 
to  determine  the  cHccl*  of  low-frequency,  high-amplitude  me¬ 
chanical  vibration  in  man  and  animals.  The  subiccts  of  these  ex- 
|K*riincnts  were  vibrated  on  a  table  which  oscillated  up  and  down 
with  sinusoidal  motion.  Frequency  and  peak  acceleration  were 
controllable  over  the  range  of  3-25  Hz  and  ±1  to  ±  1 5  g,  respec¬ 
tively.  Our  experience  with  animals  has  shown  that  useful  electro¬ 
cardiograms  cannot  lie  obtained  with  conventional  techniques 
when  jx-ak  acceleration  of  the  vibration  table  exceeds  alxnil  i  I  g. 
\  Miration  with  this  intensity  is  painful  in  man  wearing  a  lap-licit 
restraint  (2),  but  is  below  the  stress  known  to  produce  substantial 
injury  in  well-restrained  anesthetized  animals.  Experiments  in 
anesthetized  cats  restrained  by  water  immersion  have  demon¬ 
strated  that  peak  accelerations  reach  approximately  ±8  Gx  or 
rfcll  (I,  brlore  visible  injury  and  mortality  are  produced  (3,  5). 
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Thus,  while  routine  method*  may  produce  satisfactory  electro¬ 
cardiograms  during  experiment*  with  low-level  vibration  in  man, 
routine  method*  cannot  lie  relied  upon  in  studies  with  intense 
viliration  in  animal*. 

We  found  it  necessary  to  monitor  tltc  heart  lieai  com'nuously 
during  vibration  in  studies  of  the  mechanism*  of  injury  from  vibra¬ 
tion  in  cat*  and  ritesu*  monkeys.  Visible  injury  to  the  licart  was 
rarely  produced  at  any  vibration  intensity,  although  there  was 
evidence  that  disturbances  in  cardiac  function  may  have  occurred 
during  vibration.  'ITti*  evidence,  not  all  of  which  ha*  been  pub- 
iisJied,  is  as  follows.  /)  Pulmonic  interstitial  emphysema,  medias¬ 
tinal  emphysema,  air  cmliolism,  and  congestive  atelectasis  were 
produced  regularly  in  animals  subjected  to  ±15  0,  vibration  to  a 
degree  that  would  lie  expected  to  interfere  with  cardiac  function 
(5).  2)  Asystole  was  a  common  finding  in  postvibration  ECG.*  in 
animals  that  died  during  brief  exposures  with  little  or  no  visible 
injury  to  any  part  of  the  body.  Air  cmliolism  was  suspected  to  have 
caused  death  in  these  animals.  3)  In  a  few  animals  multiple  small 
stiliendocardial  hemorrhages  were  found  in  the  left  ventricle  im¬ 
mediately  lie  low  the  annulus  of  the  mitral  valve  and  at  the  anchor 
point*  of  the  chordae  tcndincnc.  No  other  cardiac  injury  was  visible 
in  these  few  animals.  The  location  of  these  hemorrhages  indicates 
that  tltc  mitral  valve  had  experienced  excessive  tensile  forces. 
Possibly,  valvular  stress  was  produced  by  vibrational  acceleration 
of  the  mass  of  blood  in  the  outflow  tract,  impacting  the  mitral 
valve  during  systole.  The  aortic  valve  is  open  at  this  time  and  the 
mitral  valve  is  subjected  to  the  inertial  ('fleet.*  of  the  large  com¬ 
municating  mass  of  blood  in  the  left  ventricle  and  thoracic  aorta. 

On  the  basis  of  these  experimental  findings  it  appears  that  sig¬ 
nificant  functional  impairment  of  the  heart  can  occur  during  vi¬ 
bration  with  little  or  no  visible  injury  to  the  heart,  and  this  impair¬ 
ment  in  function  may  be  tin  important  part  of  tltc  mechanism  of 
injury  from  vibration.  A  study  of  cardiovascular  function  during 
intense  vibration  will  lie  necessary  to  examine  this  possibility. 
However,  preliminary  to  further  study  we  had  to  develop  a 
for  recording  the  electrocardiogram  in  animals  during  vibrtiffil^b,>* 
Many  techniques  were  tried,  but  only  those  recordings  obtained 
from  electrodes  implanted  in  the  myocardium  with  the  connecting 
wires  restrained  by  the  vascular  system  were  satisfactory. 

This  paper  dcscrilws  one  method  for  implanting  the  electrodes 
in  cats  and  illustrates  the  results  with  reproductions  of  tracings  re¬ 
corded  during  .  ime  of  the  experiments. 


EXPERIMENTAL  METHOD 

Cats  were  used  in  these  expcrimet.  v  fwo  electrode  wires  were 
implanted  in  each  of  four  animals  so  that  one  end  of  each  wire  wits 
sutured  into  the  myocardium  of  either  the  right  or  left  ventricle, 
flic  free  ends  of  the  wires  were  passed  together  through  the  wall 
of  the  right  ventr.cle  near  the  apex  and  between  the  cusps  of  the 
tricuspid  valve  into  the  right  atrium,  then  upward  within  the 
superior  vena  cava  and  from  the  right  external  jugular  vein  out  of 
the  body.  Satisfactory  electrodes  were  it  pair  of  no.  30  American 
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**f  **<*{<“  (A\VG)  enameled  copper  «itn  (0.23  mm),  wathed  in  a 
mUcooc*  solution  More  implantation. 

I!*-  following  method  wm  used  lo  implant  the  electrodes.  The 
right  vrntricle  wax  railtrtm'/rd  with  a  polyethylene  catheter 
(1.7  mm  mi  x  1.2  m*  •  id)  introduced  vh  the  right  external  jugular 
vein.  A  right  parasternal  iltoracoiomy  was  then  performed  and  the 
pericardium  opened.  IVlien  I  lie  lip  of  the  catheter  was  palpable 
through  tJie  right  ventricle,  a  malieaiile  linn  obturator  (I  mm) 
was  pavw-d  down  the  catlieter  to  pierce  the  wall  of  the  right  ven¬ 
tricle.  Two  no.  k)  AHTJ  enameled  copper  wires  were  threaded 
through  two  "eyes”  in  the  exposed  obturator.  'Ihc  catlictcr  and 
obturator  wrtrr  withdrawn,  pulling  the  wires  within  the  vascular 
channel  and  out  the  jugular  vein.  Tltc  opposite  ends  were  anchored 
in  tltr  myocardium  l>y  taking  a  stitch  with  each  wire  near  the  point 
where  the  two  wires  pass  into  the  right  ventricle.  The  pericardium 
was  then  approximated,  a  chest  tube  inserted  for  drainage  and  to 
remove  the  pneumothorax,  and  the  thoracotomy  incision  closed, 
loiter  the  chest  titlic  was  removed  and  the  free  ends  of  the  wires 
were  Iturietl  in  the  sulmitnneous  tissues  of  the  neck  until  the  day 
of  the  vibration  ex|x*riment.  Figure  I  illustrates  the  implanted 
electrode  scheme. 

A  brief  word  toncerning  the  vibration  apparatus  and  instru¬ 
mentation  is  appropriate.  The  eats  in  these  experiments  were 
anesthetized  and  immersed  in  water  for  restraint.  The  immersion 
apparatus  consisted  of  a  transparent  acrylic  cylinder  filled  with 
water  and  mounted  vertically  on  a  vibration  table.  The  lank  posi¬ 
tioned  the  cat  such  that  the  direction  of  viliration  was  along  the 
long  axis  of  the  body  (±  G,).  Details  of  the  apparatus  have  lieen 
deseri!.>cd  elsewhere  (4).  The  free  ends  of  the  electrodes  near  the 
ar.mial’s  neck  were  soldered  to  the  differential  inpif  terminals  of  a 
s.nall  battery-powered  solid-state  preamplifier  mounted  within  the 
Immersion  tank  near  the  animal.  A  third  wire  from  the  amplifier 
circuit  ground  was  sewn  into  skin  over  the  flank.  The  amplifier 
circuit  was  similar  to  the  low-noise,  interference-resistant  circuit 
developed  by  Schuler  ct  al.  (G).  l^w-frequency  response  of  the 
amplifier  used  in  the  present  studies  extended  to  approximately 
0.05  Hz,  [lie  unit  was  encapsulated  in  a  clear  silicone  resin  and 
proved  capable  of  withstanding  up  to  ±15,;'  vibration  over  the 
frequency  range  of  3-25  I  Iz.  while  immersed  in  water  without  intro¬ 
ducing  recording  artifacts.  A  self-contained  t.5-Hz  square-wave 
generator  served  its  a  calibration  source,  and  as  a  check  for  instru¬ 
mentation  artifacts  during  vibration.  Noise  due  to  cable  flexing 


tit;.  I  Myocardial  electrode  selienie  ill  animals.  I'll  till  immersion 
restrains  electrode  wires  during  intense  vibration. 
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was  nrgligil»5e  Ixcausc  of  tlie  very  low  output  impedance  of  tltr 
amplifirr  and  no  special  cables  or  shielding  were  required. 

Anesthesia  was  maintained  In  each  animal  throughout  both  the 
surgical  procedure  and  the  viliration  experiment.  An  initial  dose 
of  sodium  pentoliarliital  was  administered  intraperilooeally 
(25  mg/kg  body  mass),  and  supplemental  doses  were  given  intra¬ 
venously  when  indicated. 
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Electrocardiograms  recorded  from  myocardial  electrodes  in 
anesthetized  water-immersed  cats  during  vibration  along  the  long 
liody  axis  (±  (»,)  are  reproduced  in  Figs.  2  and  3.  'Hie  accelera¬ 
tion  trace  sltown  aliovc  the  ECO  in  each  figure  was  derived  from 
an  accelerometer  mounted  on  tltc  vibration  table.  High-frequency 
noise  was  removed  from  this  trace  iiy  a  low-pass  filter  having  a 
cutoff  frequency  of  approximately  twice  tlie  vibration  frequency. 
'Flic  ECCJ  traces  were  not  filtered.  ’11k'  recording  reproduced  in 
Fig.  2  was  obtained  during  vibration  at  ±10  G„  12  Hz,  7  days 
after  the  leads  were  implanted.  The  recording  reproduced  in 
Fig.  3  was  obtained  from  another  cat  during  vibration  at  ±  IOC,, 
17  Hz,  30  days  after  surgery.  A  large  numltcr  of  similar  recordings 
were  obtained  from  these  and  the  other  animals  during  repealed 
exposures  at  various  |>cak  accelerations  Ixtiwecrt  ±1  G,  and 
±15  C,.  The  exposures  at  ±10  G,  and  alx>ve  were  limited  in 
duration  to  30  sec  to  minimize  injury,  and  in  this  manner  tlie 
reproducibility  of  the  method  was  e  stablished  in  repeated  experi¬ 
ments  with  the  four  animals.  Clinical  quality  ECG  recordings  with 
ail  components  evident  were  not  produced  in  these  experiments, 
cs|K'cinlly  when  peak  acceleration  exceeded  alxntl  ±8  G«.  How¬ 
ever,  all  of  the  tracings  produced  in  these  experiments  show 
distinct  It  waves  throughout  the  vibration  exposure  with  only 
minimal  shift  in  base  line.  Interestingly,  none  of  the  recordings 
show  an  appreciable  change  in  heart  rate  from  the  previbration 
value  during  whole-1  >ody  vibration  at  any  peak  acceleration  up  to 
±15  C,. 

Small-amplitude  oscillations  around  the  base  line  are  most 
noticeable  in  recordings  obtained  in  experiments  at  ±10  C,  and 
alxjvc.  Expanded  time  scale  recordings  such  as  reproduced  in 
Fig.  3  demonstrate  synchronism  with  table  acceleration,  suggesting 
that  vibrational  motion  of  the  electrodes  produced  the  oscillatory 
component.  F  and  T  waves  were  obscured  by  this  artifact  although 
what  appear  to  lx-  injury  currents  could  still  be  detected  as  illus¬ 
trated  in  the  recordings  reproduced  in  Fig,  2.  No  attempts  were 
made  to  remove  this  base-line  oscillation  by  filter  or  subtraction 
methods. 

DISCUSSION 

The  difficulties  in  recording  an  ECG  during  ±l5g  whole-body 
vibration  liecomc  apparent  when  it  is  understood  what  ±15  g 
represents  in  terms  of  body  motion.  An  animal  experiences  peak 
accelerations  of  this  magnitude  when  the  animal  is  vibrated  with 
harmonic  motion  at  a  12  cycles/sec  rate  and  with  a  peak-to-peak 
amplitude  of  2  inches.  Whole-body  vibration  with  this  intensity  is 
severe  and  will  produce  substantia!  injury  within  minutes  in  well- 
rest  rained  animals  (3,  5). 

The  electrocardiogram  recorded  using  conventional  electrodes 
is  usually  obscured  by  artifacts  during  severe  whole-body  vibration. 
For  example,  recordings  made  with  commercial  silver-silver 
chloride  skin  electrodes  are  sufficiently  free  of  artifacts  to  permit 
measurement  of  heart  rate  only  up  to  ±2  ,j j.  Small  needle  elec- 
trtxles  have  been  found  similarly  useful  to  only  ±4,;>,  and  as  a  rule 
±4  "  is  about  the  upper  limit  of  vibration  stress  to  an  animal  dur¬ 
ing  which  an  ECG,  demonstrating  at  least  the  heart  rate,  can  be 
recorded  using  conventional  electrodes.  Vibration  at  greater 
intensity  increases  the  size  of  artifacts  and  the  tracing  is  masked. 
The  sources  of  these  artifacts  arc  not  completely  imdcrsluod. 


Min  i  ion  for  rf.co;mmno  i;cx;  during  vibration 

Hit  largrsi  source  -> f  vibn.-toe  induced  artifact  is  related  to 
separation  «(”  lltr  rkvimui  :  J.t.n.  me  ihui  i.  !f"lj|ivr  motion  of  die 
ii*mrs  Irmrrn  the  In-art  ninl  electrode*  due  to  viltr..’>on  rliythmi- 
calR-  change*  tiir  electrical  pm|trriirx  of  ihe  tissue'.  i'Jjc  propaga- 
tvoiT  of  E(Xi  .!■«*’  n»*  ar.  rro  as  tin.  I  j*fe* 

rapidly  nmr  lu>l:  >-»I  f./rth  that  potentials  rriatcxl  to  this  inotam 
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arc  introduced.  Improved  recording*  wrre  alHain rd  when  tlic 
electrode*  were  placed  directly  on  tlte  lirart.  Initially  iIk-  electrodes 
v*ere  made  from  two  length*  of  Teflon-insulated  wire,  one  end 
Mtitired  into  tlte  myocardium  and  the  free  end*  brought  otit 
through  tlte  clie*t  wall.  Hie  recording*  were  satisfactory  to  ±6  G„ 
'Villi  greater  peak  accelerations  viltration  of  the  portion  of  wire 
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no.  Keenrding  obtained  /mu  a  water-immersed  cat  during 
viltration  7  days  after  surgery,  lamer  pair  of  traces  continue*  from 
upper  pair.  Injury  currents  are  shown  developing  (hiring  the  last  i  or 


li  see  of  a  exposure  at  ±lll  G„  II*  I  \,„  Sodium  pentobarbital 

anesthesia,  second  cat. 


l  ie.  . 
posure  . 
nsrillatii 


>.  I.xp.indcd  time  scale  tracing  was  made  during  a  'JD-see  ex- 
■>'  ±1°  G,,  17  II/,  and  demonstrates  that  small  amplitude 
■ns  around  base  line  are  synchronous  with  table  acceleration. 


bower  pair  of  recordings  arc  from  start  and  finish  of  this  exposure 
Sodium  IKiitobarbital  anesthesia.  fourth  eat.  :W)  days  after  surgery.' 


wiiliin  ilir  cIk-si  nu  detected  in  roentgenograms  and  presumably 
mawement  of  the  wire  exerted  a  repetitive  tug  against  the  myo¬ 
cardium.  Artifacts  can  lie  readily  produced  by  light  tugging  on  the 
wires  at  (lie  time  of  surgery.  'ITic  problem  was  then  to  find  a  belter 
method  of  fixing  the  wires  to  die  heart. 

Hie  lirst  method  was  to  implant  the  electrode  wires  within  the 
heart  and  communicating  vessels.  Immersion  of  the  wires  within 
the  vascular  system  reduces  the  net  accelerative  forces  acting  on 
die  wires  during  vibration  and  thcrcliy  minimizes  motion  of  the 
wires  relative  to  the  point  of  attachment  in  the  heart  muscle.  This 
paprr  dr<rilies  one  method  of  implanting  the  wires  and  illustrates 
recordings  obtained  from  cats  during  ±10  G,  vibration.  The  re¬ 
cordings  show  results  obtained  with  the  technique.  They  are  not 
intended  to  demonstrate  effects  of  vibration  on  the  cardiovascular 
system.  This  remains  to  lie  done. 

'liie  method  has  (wo  drawbacks.  First,  there  is  a  need  for  a 
thoracotomy  when  the  wires  arc  implanted  as  dcscrilicd.  However, 
it  may  Ik-  possible  to  develop  a  percutaneous  method  of  implanting 
wires  attached  to  an  endocardial  screw.  Carlsson  and  Milne  (1) 
have  implanted  tantalum  screws  in  the  endocardium  of  dogs  by  a 
percutaneous  route  arid  a  modification  of  their  procedure  may  lie 
applicable.  Second,  there  is  a  possibility  of  cardiac  injury  from  the 
electrodes  and  connecting  wires  during  vibration,  although  cardiac 
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injury  was  not  found  in  the  four  animals  studied  here.  Cardiac 
rate  and  rhythm  varied  little  during  the  brief  exposures  to  ±15  G„ 
and  only  minimal  fibrosis  was  visible  at  the  electrode  site  when  the 
animals  were  autopsied.  Thus,  neither  drawback  is  likely  to  pre¬ 
vent  application  of  this  technique  in  studies  of  effects  of  vibration 
in  animals. 
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In  studies  of  effects  of  whole-body  vibration  in  cnt3  we  have  been  unable  to  record 
the  electrocardiogram  using  conventional  methods  when  the  animal  is  vibrated  with  peak 
acceleration  exceeding  about  +  or  -  h  g.  The  present  study  shows,  however,  that  the 
electrocardiogram  can  be  recorded  from  myocardial  electrodes  during  whole-body  vibra¬ 
tion  with  peak  acceleration  up  to  4  or  -  15  g.  Satisfactory  electrodes  consist  of  two 
no.  30  AWG  enameled  copper  wires  sutured  into  the  myocardium,  at  one  end  of  each  wire 
with  the  two  free  ends  brought  out  through  the  vascular  system.  Clinical  quality 
electrocardiograms  were  not  recorded  using  this  method  in  anesthetized  cats,  but  trac¬ 
ings  were  produced  in  which  the  base  line  and  P  waves  are  distinct  throughout  the 
period  of  vibration.  Tips  paper  describes  one  method  for  implanting  the  electrodec 
and  illustrates  the  res;  ts  with  reproductions  of  tracings  from  some  of  the  experi¬ 
ments  . 


Best  Available  Co 


D D 


.1473 


(PAGE 


IlKfT  A  QCTfTVT; 


Secwur  CI»*»i(ir»iion 


LINK  • 

l»INi 

MOWS 

.  *T 

BTWI 

*T 

•Oil 

Elec  trocardiograa 

Intense  whole -body  vibration 

Transvenous  Implanted  myocardial  electrodes 
Vibration  artifacts  in  the  electrocardiogram 
Vibration  studies  in  water- iasrersed  animals 

. 

3est  Available  Cc,  , 

*  >A 

DD  ,F°’,".,1473  <»«-' 


ui!.'lass.;f.ied 


